Bandwidth-enhanced chaos synchronization in strongly injection-locked semiconductor lasers with optical feedback is numerically studied based on laser rate equations. The bandwidth of the chaotic carrier frequency in a semiconductor laser with optical feedback is expanded roughly three times by strong optical injection compared with the bandwidth when there is no optical injection. Using a bandwidth-enhanced semiconductor laser as a chaotic transmitter and receiver, we synchronized transmitter and the receiver lasers in a complete chaos synchronization scheme.
Chaos synchronization of nonlinear oscillators has been widely studied for applications in secure communications. 1 In laser systems, communications based on chaos synchronization have been proposed and semiconductor lasers have frequently been used as chaotic devices for such a purpose. 2 -4 Optoelectronic feedback, injection current modulation, and optical feedback have been used to destabilize semiconductor lasers. A semiconductor laser with optical feedback exhibits chaotic dynamics owing to the infinite degrees of freedom generated by delayed feedback and is known as an excellent nonlinear oscillator. Indeed, gigahertz chaotic data transmissions in semiconductor lasers with optical feedback has been demonstrated. 5 -7 Various schemes have been proposed for chaotic data transmission in semiconductor laser systems. 8 One of them is a chaos-masking method that is well suited for secure chaotic communications that use semiconductor lasers with optical feedback.
In chaotic data transmissions that use semiconductor laser systems, the maximum data rate is limited by the chaotic carrier frequency, which is closely related to the laser's relaxation oscillation. The relaxation oscillation frequency is usually of the order of several gigahertz in semiconductor lasers, and this is considered to be the maximum frequency for chaotic data transmission. Therefore, for high data bit-rate transmission, a high-speed external modulator such as an electro-optic modulator is frequently used instead of direct injection-current modulation for modulation of laser intensity. However, direct modulation to the injection current of a semiconductor laser still has merit for the design of compact light sources in communication systems.
The relaxation oscillation frequency is considered to be the characteristic frequency that def ines the maximum modulation frequency of a semiconductor laser. The maximum modulation frequency can be greatly enhanced by strong optical injection locking from a different laser. 9 -12 Thus we can expect higher-speed response from a semiconductor laser with strong optical injection than from solitary operation.
In this Letter we describe bandwidth-enhanced chaos synchronization in semiconductor lasers with optical feedback. An external-feedback semiconductor laser is strongly injection locked by another semiconductor laser and is used as a bandwidthenhanced chaotic laser source. Using the rate equations of semiconductor lasers that have both optical injection and optical feedback, we numerically examined chaos synchronization in a synchronization scheme with complete chaos. The bandwidth of the chaotic carrier frequency was expanded to be roughly three times larger than that in solitary operation, and bandwidth-enhanced chaos synchronization was successfully demonstrated. Figure 1 shows a schematic model of a chaos synchronization system. Both the transmitter and the receiver semiconductor lasers, TL and RL, are strongly injected by external semiconductor lasers, IL T and IL R , with the same device parameter characteristics. The transmitter laser oscillates in a stable injectionlocked state in the absence of optical feedback, and the receiver laser also oscillates stably without the transmission of light from the transmitter. The transmitter laser has a unidirectional optical feedback loop and shows chaotic oscillation under certain feedback parameter conditions. The chaotic output from the transmitter is transmitted and fed into the receiver laser. The receiver laser is a simple optical injection-locked laser system without optical feedback.
The model is described by the following rate equations for the complex f ields of the transmitter and the receiver lasers, E T ͑t͒ and E R ͑t͒, respectively, and the carrier densities, n T ͑t͒ and n R ͑t͒. Inasmuch as we are considering complete chaos synchronization, the characteristic device parameters of the two semiconductor lasers are assumed to be the same. For the transmitter laser the rate equations are written as
(2) For the receiver laser
In Eqs.
(1)-(4) a is the linewidth enhancement factor, g n is the gain coeff icient, n th is the threshold carrier density, J R is the bias injection current, e is the elemental charge, d is the thickness of the active layer, t in is the round-trip time of light in the laser cavity, t s is the carrier lifetime, and t p is the photon lifetime. E IL T ͑t͒ and E IL R ͑t͒ are the complex fields of the injection lasers for the transmitter and the receiver lasers, respectively, and k inj is the injection rate to each laser. Df T is the detuning between the injection and the injected lasers in the transmitter system, and Df R is that for the receiver system. Here we consider those detunings as parameters for chaos synchronization. Equation (3) includes the detuning, Df TR , between the transmitter and the receiver lasers, but it is set to be zero for a complete chaos synchronization scheme. k T is the optical feedback rate in the transmitter laser, and k TR is the optical injection rate from the transmitter laser to the receiver laser. Finally, t and t c are the delay of light in the feedback loop of the transmitter laser and the transmission time of light from the transmitter to the receiver laser, respectively. In the numerical simulations the following parameter values were used 13 : a 3, g n 8. Fig. 2(d) , during the relaxation oscillation of the solitary laser the chaotic oscillation rapidly decays out. The spectrum in Fig. 2(c) shows bandwidth-enhanced chaotic oscillation in the presence of strong optical injection. As can easily be seen both from the time series and the spectrum, the chaotic carrier frequency is greatly expanded up to ϳ8 GHz by strong optical injection and is as much as three times larger than that without optical injection as shown in Fig. 2(d) . It is well known that the modulation bandwidth of a semiconductor laser can be greatly expanded by strong optical injection. 9 Although it is not shown here, the modulation efficiencies were calculated both with and without strong optical injection when optical feedback was not present. However, it was diff icult to show directly the qualitative relation between the expansion of chaotic carrier frequency by strong optical injection and the modulation bandwidth enhancement of simple optical injection locking without optical feedback. A detailed survey of the relation remains for future study. Figure 3 demonstrates an example of bandwidthenhanced chaos synchronization. The upper trace in Fig. 3(a) is a time series of the transmitter output, and the lower trace is that of the receiver. Originally there was a time lag between the two waveforms, and it was calculated to be Dt 26 ns. The time lag was compensated for to show the degree of synchronization in the f igure. Inasmuch as transmission time t c was set to be zero for simplicity in the numerical simulations, the time lag was equal to Dt t c 2 t. Therefore the synchronization scheme is for the case of complete chaos synchronization, or so-called anticipating chaos synchronization. 8, 14 Figure 3(b) is a correlation plot. The correlation coeff icient is calculated to be 0.954, and the two lasers show good synchronization. However, we obtain a better value of the correlation coefficient (the correlation value of 0.999) for complete chaos synchronization when optical injection from a different laser does not exist. The range of chaos synchronization in a semiconductor laser with optical feedback was originally narrow for the parameter mismatches for complete chaos synchronization. 8 Even if the two lasers have the same device parameters and operate under the same conditions, chaos synchronization is achieved for a limited range of the parameter values, and the range is usually narrow. We have tested for other parameter conditions; however, the correlation tends to be worse than that when there is no optical injection from a different laser. A possible reason for this result is that the tolerance of parameter mismatches between the transmitter and the receiver lasers in the proposed synchronization systems becomes small as a result of the introduction of the extra condition of external optical injection. However, the reason is still not certain and is also an issue for future study.
We have proposed a novel technique for bandwidthenhanced chaos synchronization in strongly injectionlocked semiconductor lasers with optical feedback. We have looked only for an asymmetric system in which there is no external optical feedback loop in the receiver system. However, chaos synchronization is also expected for a symmetric system. Also, we have observed bandwidth-enhanced chaos synchronization in conditions of generalized chaos synchronization. In that case, a time lag between the laser output waveforms of the transmitter and the receiver lasers can be written as Dt t c . The technique of strong optical injection for the enhancement of chaotic carrier frequency is applicable not only in optical feedback systems but also in other semiconductor laser systems such as optoelectronic feedback systems.
